INTRODUCTION
============

RNA interference (RNAi) is a natural response of eukaryotic cells to double-stranded RNA (dsRNA) leading to silencing of homologous gene transcripts. While application of RNAi in reverse genetic approaches is nowadays common use, therapeutic use, in particular, of small interfering RNAs (siRNAs) is still fraught with challenges. In this exponentially growing field of RNAi, stability, degradation and delivery of siRNA receive increasing attention. A limited correlation between chemical siRNA stability on one hand and RNAi efficiency and duration on the other hand has been described, but the limits are not well understood ([@B1]). The argonaute-2 (Ago2) protein, a central component of the RNA-induced silencing complex (RISC), features a RNAse III type domain which cleaves the siRNA passenger strand ([@B2],[@B3]). However, given that several thousand siRNA molecules penetrate into a cell during transfection, the comparatively low number and siRNA-cleavage activity of Ago-2-containing RISCs makes it unlikely that Ago-2 is a major factor in the degradation of exogenous siRNA. Thus there is considerable interest in discovering other degradation factors and their subcellular location, a process that would greatly benefit from knowledge on the subcellular location of their potential substrate, i.e. reserves of intact siRNAs after transfection.

The standard siRNA delivery protocol in mammalian cell culture includes incubation of siRNAs with cationic lipid transfection agents, resulting in siRNA-containing lipoplex particles of ill-defined size around ∼500 nm ([@B4]). While lipoplexes facilitate uptake ([@B5]), standard cationic transfection agents are toxic to the cells ([@B6]) and considered unsafe for *in vivo* applications. Potential adequate systemic delivery systems include ∼100 nm liposomes ([@B7]) and related formulations ([@B8]). The huge excess of siRNA molecules devoted to one cell in standard transfection protocols (10^7^--10^9^) over the targeted mRNA (10^1^--10^4^) clearly illustrates the potential benefits of new approaches to monitor delivery and transport processes into and inside the cell. It is unclear, in what manner the ensemble of siRNA molecules, once penetrated into the cell, contributes to RNAi, because they outnumber the ensemble of RISCs by several orders of magnitude. In this context, methods to determine the whereabouts of pools of intact siRNA in the cell should be extremely helpful.

To this end, we present here a FRET-based imaging approach where communicating dyes are located on opposing strand of the applied siRNA, allowing a non-destructive and non-invasive assessment of the degradation state of siRNAs in cultured cells. RNAi efficiency of siRNA duplexes is superior to single strands of siRNA by several orders of magnitude ([@B9]), clearly illustrating the necessity of tracing the whereabouts of the intact siRNA duplex in the cell. Standard methods, which trace siRNA conjugated to fluorophores inside cells, cannot distinguish between intact siRNA duplexes, single strands or even just the mere fluorophores left after siRNA degradation in the imaging process. Therefore, the use of FRET techniques, based on distance-dependent communication of two dyes, is an attractive way to approach this issue ([@B10; @B11; @B12]), because degradation of a double-labelled siRNA results in spatial separation of the dyes and a breakdown of FRET. The most important problems that needed to be addressed for judicious use of FRET-labelled siRNA inside cells include compatibility of dye-labelling with RNAi ([@B13],[@B14]), possible changes of spectral properties of the dyes inside the cell due to lipophilic environment or pH variations, and conclusive and quantitative correlation of fluorescence emission from inside the cell with siRNA integrity or degradation status. We report here a judicious application of siRNA-labelling with a commonplace FRET dye pair, using different relative positions of the dyes to establish a calibration system that correlates FRET efficiency with siRNA integrity outside and inside a cell. This calibration can be used with a standard confocal microscope to visualize regions containing high amounts of intact siRNA inside the cell at high resolution.

MATERIALS AND METHODS
=====================

siRNAs
------

siRNAs against GFP (passenger: 5′-GCAAGCUGACCCUGAAGUUCAU-3′/guide 5′-P-GAACUUCAGGGUCAGCUUGCCG-3′) ([@B15]) and the rat ABCb1b transporter mRNA sequence (passenger: 5′-AAACUGUUGUCUGGUCAAGCC-3′/guide: 5′- GGCUUGACCAGACAACAGUUU-3′′/GenBank: NM_000927) containing fluorescein and tetramethylrhodamin (TMR) labels were purchased from IBA (Göttingen, Germany). The chemical structure of the TMR derivative conjugated to the 3′ or 5′, respectively, of the guide strand is shown in Supplementary Figure S1a. Figure S1b shows a similar derivative of fluorescein attached to the 5′ or 3′ of the passenger strand, with the exception of the ABCb1b passenger strand, where the respective structure formula, including a 3′-terminal dC as an attachment site, is shown in Figure S1c.

Fluorescence emission scans
---------------------------

Solution fluorescence assays were performed in a FP-6500 fluorimeter (JASCO, Tokyo, Japan) equipped with ETC-273 temperature controller, a peltier element and an F-25 (Julabo, Seelbach, Germany) cooling unit. Emission spectra (3 nm bandwidth), recorded upon excitation at 488 nm (3 nm bandwidth) were corrected for differential wavelength PMT sensitivity. Unless indicated otherwise, spectra were recorded in 50 μl SUPRASIL cuvettes (HELLMA, Müllheim, Germany) in 1 × PBS (pH 7.4) at 20°C.

Digestion with double-strand specific nuclease V1
-------------------------------------------------

*In situ* degradation assays were conducted by recording emission spectra of 1.5 μM siRNA samples at 37°C in 40 mM Tris--HCl pH 7.4, 10 mM MgCl~2~ before and at certain time points after addition of 46 mU RNase V1 (Roche, Indianapolis, USA).

FRET efficiency
---------------

The theoretical FRET efficiency *E*~FRET~ was calculated according to where the distance between fluorophores was gauge from X-ray structures of standard A-type RNA helices as 17 Å for high-FRET and 74 Å for low-FRET siRNA, and the Förster radius for fluorescein and TMR *R*~0~ = 55 Å was taken from the literature ([@B16]). Experimental FRET efficiency *Q* of the siRNAs was determined as the extent of fluorescein fluorescence quenching using the equation: where *F*1 is the fluorescence intensity at 520 nm upon excitation with 488 nm and *F*2 the fluorescence intensity at 520 nm of the donor-only sample, determined by complete digestion with RNase.

Spectral imaging of the microinjected cells
-------------------------------------------

Spectral imaging was performed on a confocal laser scanning system (C1Si, Nikon, Badhoevedorp, The Netherlands) on an inverted microscope (TE2000-E, Nikon), which was equipped with an oil-immersion objective lens (CFI Plan Apo 40×). The cells were excited with an Argon laser at the 12% intensity in standby modus at 488 nm and the fluorescence was detected with 32-channel PMTs which were corrected for differential wavelength sensitivity. A spectral gain of 180 and pixel dwell of 6 µs was used.

*R*/*G*-ratio imaging in confocal standard mode
-----------------------------------------------

Cells were imaged on a DM IRBE TCS MP1 confocal microscope (Leica, Wetzlar, Germany) with an oil-immersion objective (63× magnification; NA 1.32) and an Argon laser for excitation at 488 nm, operated with software version 2.61_Build_1537. A triple dichroic filter (TD 488/544/633) was used as a main excitation beam splitter. The image size width and height were 158.7 μm. Ten images of 512 × 512 8-bit-pixels were recorded with a confocal plane distance of 20 μm. *z*-Stacks were composed from these images and the pixels thereon considered volume elements (voxels). The following standard settings were applied to all samples: Gain: 830/Offset: 53.7/Pinhole 228 µm/Excitation: 488 nm/Laser intensity: 100%/PMT1: 510--540 nm (green channel)/PMT2: 570--600 nm (red channel). In order to avoid pixel saturation, certain additional images were recorded at lower gain values (750, 600 and 500).

The green and red channel images (standard settings) were added on a voxel basis and the resulting image (termed GPR) was compared to a manually chosen threshold of 200 to segment the cells from the background. Background values *R*~BG~ and *G*~BG~ were calculated as the mean intensities of the red and green channel, respectively.

Using the voxels from the red and green channels inside cells, *R* and *G*, the *R*/*G* ratio was calculated according to the equation: Starting from the data set obtained at highest PMT gain, *R*/*G* values from pixel pairs reaching saturation in either channel were substituted with the corresponding values from unsaturated pixel pairs from data sets obtained at lower PMT gains. Distributions of the calculated *R*/*G* ratios were visualized in histograms of 256 bins. For visualization, only a subset of pixels of the ratio image were red/green coloured. These pixels were determined by application of neighbourhood-thresholding segmentation to the GPR image and a subsequent dilatation algorithm. The threshold was calculated as the sum of the mean and the SD. *R*/*G* pixels were composed as follows; pixels with a value below 1.1 were coloured ('solid') green (degraded), pixels with a value above 2.1 were coloured ('solid') red and pixels of intermediate values were coloured in a transition from green over yellow to red.

Remaining pixels were determined to be either background, and accordingly coloured black, or to belong to the cell, in which case they were coloured in grey. Discrimination of background and cell was done as follows: Each channel was first thresholded separately, using the sum of mean and standard deviation as threshold value. The results were added and smoothed by subsequent application of first a median, then a mean filter and finally thresholded using a fixed threshold value of 10. The threshold value was determined by visual inspection yielding the most accurate segmentation of the cells shape.

Gene knockdown
--------------

To measure the RNAi effect against a GFP mRNA, siRNAs were co-transfected with a GFP-expression vector (pEGFP-N1, BD Clontech, Heidelberg, Germany), and the resulting GFP fluorescence compared to cells transfected with the vector only. One day before transfection 2 × 10^5^ human embryonic kidney cells (HEK293) were plated in 0.5 ml Dulbecco\'s Modified Eagle Medium (Biochrom, Berlin, Germany) containing 10% foetal calf serum (FCS) (Biowest, Nuaillé, France) yet without any antibiotics per well of a 24-well cell culture plate. On the following day cells had a confluence of ∼80--90%. A total of 30 pmol of the annealed duplex siRNA against GFP and 400 ng pEGFP-N1 were mixed in 50 μl OptiMEM I medium (Invitrogen, Karlsruhe, Germany). 1 μl Oligofectamine (Invitrogen) was diluted in 50 μl OptiMEM I. Diluted Oligofectamine reagent was added to the diluted siRNA/plasmid mixture and incubated for 15 min at room temperature. Transfection mixture was added dropwise onto the cells. After 24 h cells were harvested and washed once in PBS. GFP expression was analysed by flowcytometry (FACS Canto, BD, Heidelberg, Germany) in the FITC channel (530/30 nm). Therefore, live cells were identified and gated by typical forward and side scatter characteristics. 10 000 cells were analysed and geometric mean fluorescence intensity (MFI) of all gated cells was determined as a measure for the strength of GFP expression. The presented results are the mean value of three different wells.

Formulation of siRNA in liposomes
---------------------------------

siRNA-containing liposomes were prepared by using a dual asymmetric centrifuge (DAC) ([@B17]). For this, 18 mg of a mixture of hydrogenated egg PC (EPC-3, Lipoid AG, Ludwigshafen, Germany), cholesterol (Sigma) and *N*-(carbonyl-methoxypolyethylene glycol2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (Lipoid AG) (65/32/3 mol%) were dissolved in 500 µl of ethanol and transferred into a 10 ml glass vial (MedChrom, Eppelheim, Germany). The organic solvent was removed under a constant stream of nitrogen. The resulting thin lipid film was dried under vacuum overnight at room temperature. Fifty microlitre of siRNA-containing PBS solution was added, the vials were clamped and the phospholipids were incubated for 5 min at room temperature to allow hydration and swelling of the lipids. The hydrated and swollen lipid-siRNA mixture was then homogenized by using a DAC (DAC 150, Hauschild GmbH, Hamm, Germany) for 6 × 5 min at 3500 r.p.m., 272 μl of buffer were added to disperse the cream-like liposomal formulation (vesicular phospholipids gel) to conventional liposome dispersion. For dispersion, the vial was shaken for 5 min in horizontal shaker. Non-entrapped siRNA was removed from the dispersion by filtrating the dispersion through a column containing sephadex G-50 Fine (Amersham, Sweden). The volume was measured and the mixture was adjusted to a lipid concentration of 5.6 mmol containing ∼560 pmol siRNA per ml.

Growth and fixation
-------------------

REB4 cells ([@B18]) were grown in 45% v/v α-MEM (supplemented with 2.2 g/l NaHCO~3~); 45% v/v HAMs F10; 10% v/v FCS; 100 µg/ml PenStrep Mix; 1 ng/ml bFGF at 37°C and 5% CO~2~ atmosphere. For amplification, cells were passaged into and grown in 75 cm^2^ flasks. Seeding density for RBE4 was 40 000 cells per cm^2^. Freezing medium was 35% v/v α-MEM (supplemented with 2.2 g/l NaHCO~3~); 35% v/v HAMs F10; 20% v/v FCS; 10% v/v dimethyl sulphoxide. For the confocal experiments the cells were grown on sterilized cover slips (Lab-Tek TM II Nalge Nunc, New York, USA) placed on the bottom of 12-well plates. Cover slips were treated with 3 µg/cm^2^ rat tail collagen prior to passaging to improve adherence on the glass cover slips. The bottom of the well plates was treated with a thin layer of 2% agarose and the cover slips were placed onto the hot agarose layer. For confocal imaging, the cover slips with the cells were briefly dipped into PBS prior to fixation in freshly prepared fixation buffer (4% formaldehyde in growth medium without PenStrep and FCS) for 10--20 min, followed by washing in PBS buffer for three times.

Transfection with oligofectamin and liposomal formulations
----------------------------------------------------------

A standard protocol for HeLa cells ([@B19]) was adapted to Rat Brain Endothelial RBE4 cells ([@B18]), which were transfected at 70% confluency in a 12-well culture plate. Two days prior to transfection, antibiotics were omitted in the fresh growth medium (0.7 ml per well), which was replaced with 0.364 ml of transfection medium (growth medium without PenStrep and FCS) just prior to transfection. Six microlitre (30 pmol; 1.8 × 10^13^ molecules, ∼10^8^ molecules per cell) of annealed siRNA were mixed with 100 μl of transfection medium, and 6 μl Oligofectamine (Invitrogen) mixed with 24 μl transfection medium. After pre-incubation at room temperature for 5 min, these solutions were combined and the resulting mixture was incubated for an additional 15 min at room temperature, then added to one well, and incubated for at least 3 h before 3× transfection medium was added. For lipofection with liposomally formulated siRNAs, cells were grown to 70% confluency on the cover slips coated with collagen as in the transfection assay. Per well of a 12-well culture plate, ∼30 pmol of siRNA in liposomes were mixed with transfection medium to a final volume of 500 μl. Liposomes were distributed evenly by gentle agitation. Transfection medium was replaced with 3× transfection medium after 3 h of lipofection.

Microinjection
--------------

One day prior to microinjection, ∼5 × 10^5^ cells were plated on small glass cover slips (Ø 12 mm) placed into a small petri dish (Nunclon) containing 2 ml growth medium. Cells were transferred into a petri dish filled with 2 ml of a carbonate-free α-MEM medium containing 25 mM HEPES (without PenStrep and FCS) immediately prior to injection. For injection, capillaries were pulled with an automatic, high precision puller (P-87 Brown Flaming Micropipette Puller, Sutter Instrument Company, Novato CA, USA) and loaded with 50 µM labelled siRNAs in PBS. In each experiment, 50 cells were injected into the cytoplasm, each cell with 200 fl of the siRNA solution (100 μM, corresponding to ∼1.2 × 10^7^ siRNA molecules per cell). Time needed for precise injection of a sample of 50 cells was ∼15 min. The microinjection was performed using an automated computer-assisted Zeiss AIS injection system (Carl Zeiss Jena, Germany) equipped with an Eppendorf 5242 pneumatic injector (Eppendorf, Hamburg, Germany) for precise control of the injection pressure. Working pressure for injection in adherent cells was ∼200 hPa and the injection time per individual cell 0.2 s. After the microinjection procedure cells were immediately fixed as described above.

RESULTS
=======

Spectral characterization of FRET-labelled siRNA in the cuvette
---------------------------------------------------------------

The concept of using a FRET dye pair to monitor RNA integrity has been proposed and partially implemented by several groups ([@B10; @B11; @B12]). An important aspect to be emphasized in such studies is the site of dye conjugation and the chemistry employed, because certain dye labels were reported to impede knockdown efficiency ([@B13],[@B14],[@B20],[@B21]). We labelled siRNA at different sites with the well-characterized FRET pair fluorescein and TMR, which has a Förster radius of ∼55 Å ([@B16]). In previous investigations on FRET in siRNA, the dyes were either tethered to the 5′′ and the 3′ end of the same strand (5′--3′) ([@B12]) or to the respective 5′ ends of opposing strands (5′\*--5′, where \* denotes the guide strand) ([@B11]). Some controversial data on functionality of dye-labelled siRNA in the literature ([@B13],[@B14],[@B20; @B21; @B22]) instigated us to test the RNAi function of permutations of attachment sites with labels on opposite strands of siRNAs. Four permutations, in which the guide strand was labelled with TMR and the passenger strand was labelled with fluorescein, were submitted to a GFP reporter gene knockdown assay. In agreement with previous reports ([@B20],[@B21]), 5′-dye labels were found to impede knockdown efficiency somewhat in comparison to an unlabelled siRNA ([Figure 1](#F1){ref-type="fig"}). However, and in some contrast to earlier reports, all of the permutations resulted in a knockdown efficiency still better than 70%. The latter value is a conservative estimate, since the siRNA by itself produces an increased background fluorescence in the GFP channel, thus biasing the apparent knockdown values towards lower efficiency (see lanes labelled 'RNA only' in [Figure 1](#F1){ref-type="fig"}). Figure 1.Knockdown efficiencies of FRET-labelled siRNAs. Knockdown efficiencies of GFP in HEK293 cells 24 h after transfection with plasmid DNA encoding GFP alone, or co-transfected with GFP-specific siRNAs. GFP expression was determined by flowcytometry. Geometric MFI of GFP plasmid alone was set as 100% reference. Note the knockdown efficiency of dye-labelled siRNAs is underestimated, because the fluorescein dye labels on the siRNAs contribute to the overall fluorescence activity, as seen in several 'RNA only' samples.

Spectral properties of the siRNA constructs were investigated in the cuvette upon fluorescein excitation at 488 nm. The respective emission spectra ([Figure 2](#F2){ref-type="fig"}A--C) clearly reflected differential FRET efficiencies as a consequence of the spatial separation of the dyes: constructs with communicating dyes in proximity (5′\*--3′), or on the opposite ends of the duplex (5′\*--5′) showed high and low FRET efficiency, respectively, in zcomparison to an siRNA mixture containing the respective dyes in different molecules which showed no FRET at all. According to their labelling type and the resulting FRET efficiencies, siRNAs were dubbed 'high-FRET', 'low-FRET' and 'no-FRET', respectively. Digestion with double-strand specific nuclease V1 was monitored in real time in the cuvette, and the end-point of this degradation provided the 'donor-only' fluorescence values needed to calculate FRET efficiencies, which correlated well with values calculated from the estimated distance between the dyes: 0.98 versus 0.97, 0.17 versus 0.18 and 0, respectively. FRET properties of 'no-FRET' siRNA were very similar to those of heat-denatured 'high-FRET' siRNA as observed in fluorescence melting curves (Supplementary Table S1 and Supplementary [Figure 2](#F2){ref-type="fig"}). Since the 'no-FRET' sample showed the same spectral properties as the fully degraded samples, it was further on used as a model compound for 'dissociated' siRNA, where the term dissociated indicates that the same spectral properties may also result from dissociation of both RNA strands without involving actual RNA cleavage. Similarly, the 'high FRET' compound was the 'intact' siRNA, whose degradation status constitutes the actual object under investigation. Of note, the TMR emission cannot serve as a stand-alone indicator of siRNA integrity, because the emission shoulder of the dequenched fluorescein produces a fluorescence increase at the typical TMR emission wavelength in degraded samples. Rather than calculating FRET efficiencies, the relative fluorescence emissions of the TMR and fluorescein (*R*/*G* ratio) were further on used as a measure of siRNA integrity. This ratio, which consistently exceeded a value of three in three different 'high-FRET' siRNAs, is strongly dependent on the content of degraded siRNA in a sample, as shown in the calibration curve obtained from mixtures of different ratios of intact and 'dissociated' siRNA. The curve shown in [Figure 2](#F2){ref-type="fig"}D is normalized to 1 to account for these subtle variations. Its steep initial slope provides a dynamic range from 0% to 10% 'dissociated' RNA, which is useful for tracing populations containing high proportions of intact siRNA, while the small changes in between 10% and 100% 'dissociated' siRNA do not allow to measure precisely the degradation state of such mixtures. A small intermediate region of moderate changes of around 10% corresponds to the *R*/*G* value of the 'low-FRET siRNA', which was further on used as a model compound emulating the spectral properties of 'partially dissociated' siRNA, providing an additional calibration point to mark the lower end of the dynamic *R*/*G* range. Figure 2.Fluorescent labelling of siRNAs and concept of *R*/*G* ratio in the cuvette. (**A**) Orientation of dye labels in 'high-FRET' or 'intact' siRNA with fluorescein at the 3′ end of the sense strand and with TMR at the 5′ end of the antisense strand. Upon excitation at 488 nm, some fluorescein dyes emit fluorescence at 520 nm (indicated by a green bar) while the majority transfers the excitation by FRET to TMR, which shows a fluorescence maximum at 590 nm (red bar). Inversion of sense and antisense strands with respect to dye labelling produces identical emission spectra. (**B**) Orientation of dye labels in a model 'low-FRET' siRNA, which is being used as a model for 'partially dissociated' siRNA populations. Both dyes are attached to the 5′-ends of the respective strands. Due to enlarge distance between the dyes, the reduced FRET efficiency leads to strongly increased fluorescence at 520 nm in the emission spectrum. (**C**) A spectrum with no evidence of FRET is produced by a mixture of two 'no-FRET' siRNAs with different sequences, one 5′ -labelled with TMR and directed against the rat ABCb1b-transporter protein, the other 5′-labelled with fluorescein and directed against GFP (see Materials and Methods section for sequences). (**D**) Calibration curve which allows deducing the amount of dissociated siRNA in a sample of high-FRET siRNA, obtained from the emission spectra of defined mixtures of high-FRET and no-FRET siRNAs. The *R*/*G* ratio (emission at 590 nm/emission at 520 nm) of 'intact' siRNA was normalized to 1. (**E**) Degradation kinetics of formulations of intact siRNA in lipoplexes (triangles), liposomes (large dots) and neat (small dots).

The *R*/*G* ratio concept was further developed in the cuvette to trace degradation of intact siRNA in different formulations typical for applications in either transfection of cultured cells or in intravenous applications to animals. Lipoplexes formed from 'intact' siRNA and oligofectamin revealed particular degradation kinetics upon incubation with RNase V1 ([Figure 2](#F2){ref-type="fig"}E): the *R*/*G* ratio rapidly dropped to ∼80% of its initial value and then abruptly stabilized, while in degradation of free siRNA it continued to drop quickly out of the dynamic range. Complete digestion of lipoplexed siRNA was effectively delayed to several hours (data not shown). The initial drop-off in the *R*/*G* ratio likely corresponds to degradation of siRNA, which is accessible on the lipoplex surface or not complexed at all.

For comparison, we have formulated 'intact' siRNA into so-called stealth liposomes which are covered with a polyethylene layer to prevent rapid clearance from the blood stream ([@B23]). A novel DAC technique allows formulation of liposomes with a narrow size distribution of around 100 nm on a very small scale and with high-inclusion yield ([@B17]). Presumably due to strong light scattering, addition of empty liposomes to a solution of 'intact' siRNA reduces the overall fluorescence by a factor of ∼2 (data not shown). The background fluorescence of empty liposomes increases the baseline and consequently decreases the *R*/*G* ratio. Hence, *R*/*G* values in the following reactions were normalized to the initial value. After a brief initial drop to 80% of the initial *R*/*G* value, freshly formulated siRNA-liposomes showed complete resistance to nuclease V1, as indicated by an *R*/*G* ratio that remained stable even after 2 h ([Figure 2](#F2){ref-type="fig"}E). However, formulations of several weeks of age slowly release the siRNA, as shown by gel filtration. Accordingly, the *R*/*G* ratio in a V1 degradation of 10-week-old siRNA liposomes rapidly dropped out of the dynamic range (data not shown).

Investigations of pH dependence showed a strong decrease of overall fluorescence observed in the emission spectra taken at low pH in the cuvette for free siRNA as well as in liposomes. Investigations of siRNA labelled with either dye showed that this was due to the known sensitivity of fluorescein towards low pH, while TMR fluorescence was only moderately diminished. In summary, the *R*/*G* ratio in 'intact' and 'partially dissociated' siRNA was effectively increased in acidic conditions, showing a minimum around neutral pH (Supplementary Figure S3). Consequently, siRNA populations in certain organelles e.g. maturating endosomes and lysosomes are expected to show an increased *R*/*G* ratio, but contribute little to the overall fluorescence emission.

Spectral analysis of cells after microinjection of high-FRET siRNAs, low-FRET siRNAs and no-FRET siRNAs
-------------------------------------------------------------------------------------------------------

To validate the *R*/*G* ratio concept in tissue culture experiments, RBE4 cells were microinjected with ∼10^7^ molecules of either 'intact', 'partially dissociated' or 'dissociated' siRNAs in a volume of ∼200 fl. After injection, cells were immediately fixed and then imaged by confocal spectroscopy in spectral mode, i.e. emission spectra of the different siRNA inside the cells ranging from 500 to 650 nm were recorded in 32 bins of 5 nm upon excitation at 488 nm ([@B24]). Areas of interest were defined corresponding to different zones and/or organelles of the cell. As can be seen in [Figure 3](#F3){ref-type="fig"}, *R*/*G* ratios of the 'intact' siRNAs vary somewhat, depending on whether the zones of interest comprise the entire cell (4.5), the cytoplasm (3.9) or the nucleus only (\<5). In other microinjected cells the *R*/*G* ratios of intact siRNA varied between ∼3 and ∼5 in accordance with the variations observed in the cuvette. Overall, the excellent agreement with the respective spectral properties in the cuvette show that the *R*/*G* ratio can be meaningfully interpreted inside cells, despite the potential changes of dye properties due to intracellular variations of lipophilicity and pH. Moreover, the validity of the calibration curve in [Figure 2](#F2){ref-type="fig"}D inside the cell is clearly demonstrated. However, the definition of zones of interest ([Figure 3](#F3){ref-type="fig"}), necessary to obtain enough fluorescence signal intensity for spectral analysis, constitutes an important limitation in that it provides poor spatial resolution. Figure 3.Spectral properties of siRNAs in cells are identical to those in the cuvette. True colour fluorescence imaging of cells microinjected with intact siRNA (**A**), 'partially dissociated' siRNA (**B**) and 'dissociated' siRNA (**C**) upon excitation at 488 nm. Left column, survey images; middle column, zoom of a single cell with defined ROIs; right column, spectra obtained from the respective ROIs: whole cell (open red circles), nucleus (solid blue diamonds), cytoplasm (open pink squares).

Confocal microscopy in standard mode and *R*/*G* imaging
--------------------------------------------------------

For higher spatial resolution, microinjected cells were imaged with a confocal microscope in high spatial resolution mode. Because of the shape of the fluorescence emission bands, *R*/*G* ratios of the same sample vary, depending on the bandwidth of the collected emission light. Thus, *R*/*G* values calculated from spectra recorded from cells in the confocal spectral mode were binned with a bandwidth of 5 nm, meaning that value at 580 nm is generated by photons of wavelengths from 578 to 582 nm. Broadening the bins lowers the spectral resolution, but improves sensitivity, because more photons are collected in the same bin. In the following, a standard procedure called *R*/*G* imaging is developed, where fluorescence light is collected with a bandwidth of 30 nm through the use of a band-pass filter setting in standard confocal mode. Since the spectral equivalence of siRNAs in the cuvette and in the cells has been demonstrated above, it is no longer necessary to record a full fluorescence emission spectrum as in [Figure 3](#F3){ref-type="fig"}, because the fluorescence wavelength at two selected wavelengths is sufficient to characterize the intactness of the siRNA. Hence, we now resorted to recording two superimposable images, a green one of the fluorescein emission peak (510--540 nm) and a red one of the TMR emission peak (570--600 nm). [Figure 4](#F4){ref-type="fig"} shows both channels of the cells microinjected with three siRNAs types, which will now be used as calibration standards, marking the *R*/*G* values at which siRNAs can still be considered 'intact'. Figure 4.Basis for *R*/*G* imaging algorithm. Cells microinjected with intact siRNA (**A**), 'partially dissociated' siRNA (**B**) and 'dissociated' siRNA (**C**) upon excitation at 488 nm were imaged at high spatial resolution in a red channel (570--600 nm; upper row) and a green channel (510--540 nm; second row from the top). *R*/*G* ratio images (second row from the bottom), obtained after image processing show low fluorescent parts of cells in light grey and assign a colour-coded degradation status to each voxel. Red voxels contain \>90% intact siRNA. Pixels identified as belonging to the cell by fluorescence thresholding are in grey. Statistical occurrence of *R*/*G*-ratio values is analysed in histograms (lower row) for each microinjected siRNA. The spikes in the left histogram for intact siRNA result from background correction during the data treatment algorithm; the percentile distributions are not significantly affected by this.

Differences between the cells microinjected with 'intact' and 'dissociated' siRNAs are obvious by mere visual inspection of the green channel in [Figure 4](#F4){ref-type="fig"}, due to quenched fluorescein emission in intact siRNA. Images of 'partially dissociated' or 'dissociated' siRNAs showed dequenched emission in the green channel, but distinction between the two siRNA types was not possible with the naked eye. The spectroscopic information on the status of siRNA integrity in every single volume element (voxel), as obtained from successive imaging of confocal layers (*z*-stack imaging), was processed into *R*/*G* images by an algorithm outlined below and detailed in the method section. Voxels are first segregated as belonging to cells as regions of interest (ROI) by using a threshold level of fluorescence in both channels to exclude extracellular space from further analysis. Pixels thus identified as belonging to the cell are coloured grey. After renewed thresholding inside the ROI, to identify voxels containing significant amounts of dyes, these are further processed by dividing the background-corrected red channel image by the corresponding background-corrected green channel image on a voxel basis. The histograms in [Figure 4](#F4){ref-type="fig"} show the distributions of thus obtained *R*/*G* values from the cells microinjected with the three siRNAs.

The *R*/*G* ratio in confocal imaged 'intact' siRNA shows a distribution with a maximum of around 7.5, which, as a consequence of the differences in the optical detection parameters, is at variance with values determined in the cuvette or in spectral mode cell imaging. Mean values of ∼1, obtained from either 'partially dissociated' low-FRET siRNA or 'dissociated' no-FRET siRNA did not differ significantly. Using threshold *R*/*G* values of 1.1 and 2.1 the histograms were segmented into three zones, coloured red, yellow and green in [Figure 3](#F3){ref-type="fig"}. The red segment in the histogram of intact siRNA (lower left in [Figure 4](#F4){ref-type="fig"}) contains \>93% of voxels, meaning that imaging these voxels in red accounts for the vast majority of all 'intact siRNA'. The fraction of voxels with an *R*/*G* value higher than 2.1 in the 'dissociated', and 'partially dissociated' siRNA samples (red areas in the respective histograms), show that the probability of assigning 'false intact' siRNA to a red voxel is below 3%. Moreover, errors in the localization of clusters of such voxels are exponentially reduced with the number of voxels in a potential cluster: the likelihood that *N* adjacent voxels are all wrongly identified as intact is ∼(0.03)*^N^* and therefore negligible for *N* \> 1.

Inversely, imaging voxels below 1.1 in green accounts for \>63% of voxels in the 'dissociated' siRNA sample, and creates \<3% 'false dissociated' (green areas in the respective histograms). For the intermediate segment of yellow voxels, assignment to either category is error-prone. This segment comprises ∼35% in the 'dissociated' samples, but below 5% in the 'intact' samples. Its delineation by threshold values of 1.1 and 2.1 is based on \>10 histograms as in [Figure 3](#F3){ref-type="fig"}, neither of which produced 'false intact' or 'false dissociated' voxels in excess of 3% upon application of these thresholds. The fraction of yellow voxels varied significantly (5--35%) among the various 'dissociated' and 'partially dissociated' samples, underscoring the above mentioned difficulty to precisely quantify samples containing 10% to 100% degraded siRNA ([Figure 2](#F2){ref-type="fig"}D).

Applications of *R*/*G* ratio imaging to transfection and lipofection
---------------------------------------------------------------------

To test the validity of the above calibration in standard transfection experiments, cells were transfected with oligofectamin-lipoplexes of the three siRNAs types used in the microinjection experiments. Application of *R*/*G* imaging to cells 48 h after standard transfection was expected to show negligible or no red voxels for the cells transfected with no-FRET and low-FRET siRNAs, and a mixture of red and green voxels for the cells transfected with high-FRET siRNAs. In the later case, the green voxels would correspond to the cell regions, where the dyes are spatially separated, either by cleavage of the dye from the RNA, or from actual degradation of the siRNA, or by dissociation of sense- and antisense strands. [Figure 5](#F5){ref-type="fig"}, depicting *R*/*G* images of cells 48 h post-transfection, shows that this is indeed the case: *R*/*G* imaging of cells containing no-FRET and low-FRET siRNAs produces exclusively green images (images of siRNAs labelled with either fluorescein or TMR can be found in Supplementary data, Figure S4). Since the 'partially dissociated' siRNA bears the spectral properties of a sample containing 10% 'dissociated' siRNA, the red voxels in [Figure 4](#F4){ref-type="fig"} resulting from 'intact' siRNA, identify populations \>90% integrity. Comparison with images obtained from microinjection of 10^7^ molecules per cell ([Figure 3](#F3){ref-type="fig"}) shows roughly 10^6^ intact siRNA molecules remaining, corresponding to ∼1% of the initial 10^8^ molecules/cell in the transfection mixture (see Materials and Methods section). At 48 h, which typically coincides with efficient mRNA down regulation in RNAi experiments, all fluorescence, including the identified intact siRNA, is located in the cytoplasm, and none of it co-localized with DAPI stain (Supplementary Figure S5). Because a rapid influx of intact siRNA into the nucleus from the cytoplasm was evident after microinjection ([Figure 3](#F3){ref-type="fig"}), this transport event was visualized by *R*/*G*-imaging of cells after microinjection, standard oligofectamin transfection and transfection with liposomally formulated siRNAs at early and late time points ([Figure 6](#F6){ref-type="fig"}). Because microinjection is a direct delivery method without any lag time for the uptake of siRNA, the early time point here was chosen right after completion of the microinjections into the cytoplasm, i.e. a maximum of 15 min after the first cell was injected. Already at this early time point, intact siRNA is found at high concentrations in the nucleus, while 4 h later, a mixture of intact and dissociated siRNA is found completely relocated to the cytoplasm ([Figure 4](#F4){ref-type="fig"}B). Because of the slower and more continuous uptake in oligofectamin-mediated transfection, as well as in lipofection with liposomally formulated siRNA, the cells are kept in contact with siRNA-containing medium for up to 4 h. At 4 h, a large population of intact siRNA is evident in the nucleus in both cases. However, about 4-fold higher concentrations of liposomally formulated siRNA were necessary to detect uptake, and these formulations were inactive in the knockdown assay (data not shown). After 48 h, the nucleus neither contains any intact siRNA nor any discernable fluorescence signal at all, regardless of the transfection method. Figure 5.Validation of *R*/*G* imaging after transfection in cell culture. FRET channel, green channel and *R*/*G* imaging of cells 48 h post-transfection shows red voxels indicating residual intact siRNA only in samples transfected with intact siRNA, but not in those transfected with 'partially dissociated' or 'dissociated' siRNA, respectively. Pixels identified as belonging to the cell by fluorescence thresholding are in grey. Histograms of *R*/*G* statistics, onto which the threshold values of 1.1 and 2.1 are indicated by green and red bars, respectively, are shown below the *R*/*G* images. Figure 6.*R*/*G* imaging in cell culture. *R*/*G* images of cells after delivery of intact siRNA by microinjection (upper row), transfection with oligofectamin (middle row) and liposomes (lower row), respectively. Images in the left column are taken at early time points after siRNA application, and images in the right column are taken at late time points. Pixels identified as belonging to the cell by fluorescence thresholding are in grey. Histograms of *R*/*G* statistics are shown next to the respective *R*/*G* images.

DISCUSSION
==========

The central objective of this work was the establishment of an imaging technique for intact siRNA in a cell. For the illustration of its potential, our imaging technique has been applied to processes of common interest, such as transfection in cell culture and formulation of siRNA in liposomes. These processes do not occur under physiological conditions and may as such cause atypical behaviour of the cells. For the following discussion, one should bear in mind that the observed processes are clearly relevant to fields such as 'reverse genetics' by RNAi or potential therapeutic applications of siRNA. However, since they may not reflect a native state of the cell, interpretation of these data in terms of the RNAi-related pathways must be approached with caution.

Dye conjugation chemistry and RNAi efficiency
---------------------------------------------

In this work, a labelling type of siRNA with two standard dyes was investigated, both of which feature some drawbacks, including in particular the susceptibility of fluorescein to bleaching and to pH variations. In addition, the emission of TMR coincides with background fluorescence upon excitation at 488 nm in tissue (data not shown) rendering transfer to animals difficult. However, the GFP reporter gene assay employed here shows only little impediment of RNAi by the dyes, despite some dispute in the literature about the compatibility of siRNA end labelling with knockdown ([@B13],[@B14],[@B20; @B21; @B22]). Although 5′-labels appear to have a stronger negative effect than 3′-labels, as reported by Chiu and Rana ([@B21]) and Ohrt *et al.* ([@B20]), all of our constructs show high enough activity to easily justify their use as models of functionally active siRNAs in cells. Of note, two publications describing 5′-modifications as detrimental to knockdown ([@B21]) and ([@B20]) used 5′-amino groups to which dyes were conjugated by *N*-hydroxysuccinimide (NHS)- or tetrafluorophenol-chemistry, while the siRNAs presented here feature peptide bonds instead. Considering in addition, that these authors did not use fluorescein or TMR dyes, the reasons for discrepancies may well be found in the exact structure of the chemical entity conjugated to the 5′-phosphate, meaning that, while other dyes, such as Cy3 and Cy5, may have more favourable spectral properties, their effect on RNAi is not yet entirely clarified. Indeed, hydrolysis of this linker may occur before or during incorporation of the siRNA into RISC. In this case, our method would observe the intact siRNA as a prodrug, which is converted to its active form by cellular metabolism.

Features of the imaging techniques
----------------------------------

Fluorescein and TMR are inexpensive; their spectral properties are contained in the standard settings of any fluorescence microscope, and these spectral properties, in particular the communication by FRET, favour the detection of intact, high-FRET siRNA, while being rather insensitive to any amount \>10% 'dissociated' siRNA in a sample. In the cuvette, monitoring the *R*/*G* ratio allowed facile observation of siRNA degradation by nuclease, and partial or complete protection therefrom by formulation in lipoplexes and liposomes, respectively. The degradation kinetics of both formulations are of interest in the design of efficient transfection agents and in the field of siRNA delivery *in vivo*, which is of growing interest ([@B8]).

*R*/*G* imaging enables tracing of populations of un-degraded siRNAs in cells over extended periods of time. This task was hitherto afflicted with potential artefacts resulting from tracing of mere fluorophores, dissociated from the oligo during its degradation. Further commonplace criticisms of tracing dye-labelled oligos in cells have been addressed here: neither variations in pH nor a lipophilic environment (such as lipoplexes or liposomes) disturb the of *R*/*G* ratio beyond our interpretation limits. The validity of transferring the *R*/*G* concept from the cuvette into cells was thoroughly documented by in-cell spectral imaging, showing virtually identical spectral properties in both environments. However, in the actual *R*/*G*-imaging process, the spectral resolution of fluorescence light emitted inside cells was foregone in favour of high spatial resolution, obtainable with any confocal fluorescence microscope.

Potential applications of the imaging technique
-----------------------------------------------

The usefulness of our approach was demonstrated by observations of three different modes of siRNA internalization into cells: microinjection, lipoplex-mediated transfection and liposome-mediated transfection, each of which results in nuclear accumulation of intact siRNA soon after its application. After a certain lag period, a distribution in the cytoplasm is observed, but no more nuclear fluorescence is in evidence. Perinuclear localization is commonly reported for numerous nucleic acids ([@B25]), but this localization now appears to be a hallmark of a rather late stage in various processes of siRNA uptake. Transport in and out of the nucleus after microinjection has already been reported for antisense agents several years ago ([@B26]), and has only very recently been observed for siRNA ([@B12],[@B20]). We show here that this process occurs after standard transfection with lipoplexes and after lipofection with liposomes as well. Previously reported application of (3′--5′) double labelling of an siRNA allowed assessment of integrity of only the labelled strand, but did not address potential strand unwinding during transport ([@B12]). Our combination of (3′--5′\*) labelling and *R*/*G* imaging shows that at least some siRNA molecules end up hybridized in the cytosol after import into and export from the nucleus, suggesting that no helicase is involved. The observed strong influx and subsequent export raises questions concerning their significance in gene silencing. Indeed, while some triple-strand forming antisense agents act by inhibiting transcription in the nucleus ([@B27]), antisense research including siRNA will likely focus primarily on the major silencing pathways acting on mRNAs in the cytoplasm ([@B28]). The export of siRNA (among other RNAs) from the nucleus was shown to be dependent on exportin-5 ([@B20]). It is thus possible that factors governing the activity of exportin-5 are affected by interventions such as microinjection or transfection, and that our observations reflect a certain trauma on the physiological level of the cell. If so, observation of this phenomenon may be useful in the search of optimized transfection procedures.

Finally, beyond tracing the intact siRNAs after transfection, our method is suited to quantify them. Our first estimates show that a fraction of only ∼1% of the applied amount, corresponding to ∼10^6^ molecules is left intact in the cell 48 h after a standard transfection protocol. Our imaging tool presented here may prove useful in determining the fate of this still huge reservoir of potentially active siRNAs.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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